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Abstract
The thin layer drying kinetics of pumpkin slices (Cucurbita moschata) were experimentally 
investigated in a convective hot air dryer. In order to select the appropriate model for predicting 
the drying kinetics of pumpkin (Cucurbita moschata), twelve thin layer semi theoretical, 
theoretical and empirical models, widely used in describing the drying behaviour of agricultural 
products were fitted to the experimental data. The Page and Two term exponential models 
showed the best fit under certain drying conditions. The Hii et al. (2009) model, which was 
adopted from a combination of the Page and Two term models was compared to the other 11 
selected thin layer models based on the coefficient of determination (R2) and sum of squares 
error (SSE). Comparison was made between the experimental and model predicted moisture 
ratio by non-linear regression analysis. Furthermore, the effect of drying temperature and slice 
thickness on the best model constants was evaluated. Consequently, the Hii et al. (2009) model 
showed an excellent fit with the experimental data (R2 > 0.99 and SSE < 0.012) for the drying 
temperatures of 50, 60, 70 and 80 °C and at different sample thicknesses of 3 mm, 5  mm and 
7 mm respectively. Thus, the Hii et al. (2009) model can adequately predict the drying kinetics 
of pumpkin.
Introduction
Pumpkin is a cultivar of the squash plant with 
round, smooth, slightly ribbed skin and deep yellow 
to orange colouration (Michael, 1990). The three most 
common varieties are Cucurbita pepo, Cucurbita 
maxima and Cucurbita moschata. Pumpkin is also 
rich in carotene, vitamins, minerals and pectin 
(Krokida et al., 2003). The chemical composition 
as well as the antioxidants content makes pumpkin 
an important food product for human consumption 
and industrial utilisation (Guiné and Barroca, 2012). 
Just as in most fruits, pumpkins are very sensitive 
to microbial spoilage, even under refrigerated 
conditions. Thus, it is best if they are preserved in 
order to increase shelf life (Doymaz, 2007). This is 
especially true as the perishable nature of pumpkin 
tends to limit its utilisation, hence the need to be 
processed by drying. 
Drying is the most commonly used method of 
food preservation which involves the removal of 
moisture from a material to a level at which microbial 
and enzymatic activities are greatly minimised 
(Henríquez et al., 2014). The mechanism responsible 
for this process in fruits and vegetables is diffusion, 
which is due to the simultaneous heat and mass 
transfer that occurs in the material during a falling 
rate period (Diamante et al., 2010; Tzempelikos et 
al., 2014; Udomkun et al., 2015).
The rate of the heat and mass transfer depends 
on the drying conditions of temperature, relative 
humidity, air velocity and material thickness  (Pandey 
et al., 2010; Jangam, 2011). Thus, there is a need to 
apply appropriate drying technique that will describe 
the drying process accurately. The most common 
drying technique used for most biological and 
agricultural products is thin layer convective drying 
(Sacilik, 2007; Kadam et al., 2011).
Thin layer convective hot air drying technique 
enables the effective control and uniform distribution 
of drying air and temperature conditions over the 
material (Da Silva et al., 2015), thereby improving 
the overall quality of the final product. Thin layer 
drying curve models are often employed to evaluate 
the drying process of food products and may be 
categorised into three groups, namely; theoretical, 
semi-theoretical and empirical models (Erbay and 
Icier, 2010). The semi-theoretical and empirical 
models have been applied and found best at describing 
the drying process and predicting the drying kinetics 
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of numerous agricultural foods (Meisami-asl et 
al., 2010;  Rayaguru and Routray, 2012). These 
categories of models provide a greater extent of 
drying curve fitting and better prediction of drying 
behaviours (Ozdemir and Devres, 2000; Panchariya 
et al., 2002; Erbay and Icier, 2010). Nonetheless, 
most of the empirical model parameters are liable to 
inappropriate physical interpretations and cannot be 
applied to all agricultural and food products (Simal et 
al., 2000; Simal et al., 2005).
However, the semi-theoretical models, which are 
generally derived from Fick’s second law, Newton’s 
laws of cooling and Newton’s law of fluid momentum, 
provide better understanding of the transport 
processes and show a better fit to the experimental 
data than other categories of models (Janjai et al., 
2010). Thus, the semi-theoretical models can provide 
an appropriate estimation of the drying kinetics for 
agricultural and food products.
Previous studies have reported different models 
used in predicting the drying kinetics of agricultural 
and food products (Table 1), yet, none of these models 
have been found applicable over a wide range of 
drying conditions and products (Aghbashlo, 2009). 
Thus, the present study was undertaken to investigate 
the most suitable mathematical empirical and 
theoretical thin layer model for the prediction of the 
drying kinetics of pumpkin (Cucurbita moschata).
The objective of this study is therefore to 
understand the drying behaviour of pumpkin in 
order to select a suitable model that will estimate the 
effects of drying conditions on the drying kinetics. In 
addition, the study intends to show the effect of these 
conditions on the model constants.
Materials and Methods 
The pumpkin (Cucurbita moschata) samples 
used were purchased locally from different shops 
located in Serdang, Selayang, Ipoh, Kajang, and 
Penang regions of Malaysia. A total of 76 samples 
(36 for training and 30 for validation) of pumpkin 
fruits with an average weight of 1.9 kg per piece were 
used in the experiments. The samples were stored in 
a cold room at a temperature of 10°C (± 2) during 
the drying duration which lasted for two weeks. A 
total of 12 experimental runs were carried out in 
three replications. The experiments were conducted 
in the Bio-System laboratory of the Department of 
Biological and Agricultural Engineering, Faculty of 
Engineering, Universiti Putra, Malaysia.
Convective hot-air dryer 
The dryer used was a NFC-3D Series Electric 
Convection Oven with an operating voltage of 
380V/220V, a power of 4.5 kW and a frequency 
of 50Hz. It consists of five basic units including a 
fan which provided the desired drying air velocity, 
electrical heaters that were responsible for controlling 
the temperature of the drying air, a drying chamber, a 
dehumidifier that controlled the relative humidity of 
the drying chamber, and a system unit where all the 
data was stored automatically. In addition there was 
an electric control panel containing electrical circuits, 
wire connections, Internet and universal serial bus 
(USB) ports (for data collection). The exterior 
dimensions were 860 mm x 111 mm x 500 mm with a 
tray size of 600 mm x 40 mm x 20 mm. A single door 
opened at the front in order to allow the insertion or 
removal of the drying tray. The dryer consisted of an 
air velocity control button that had just two levels of 
speed. The actual velocity was measured using a vane 
anemometer sensor with an accuracy of ± 0.03 m/s, 
placed opposite to the blowing fan and 1 cm above 
the drying tray. 
Preparation of samples
Before the drying process commenced, 36 
samples were selected from a total of 76. The 
samples were washed, hand peeled and sliced into 
thin layer slab pieces of thickness 3 mm, 5 mm and 
7 mm respectively The peeled sliced samples were 
labelled and dried at four (4) different temperature 
levels with an average relative humidity of 45% ± 3% 
and a constant air velocity.
Experimental procedure
For the first experimental treatment, 36 samples 
were selected and portions from each piece were sliced 
into thin layers of the required dimension. Before the 
commencement of each set of experimental runs, the 
dryer was brought up to temperature to attain a stable 
state equilibrium condition by running it empty for 
about 45 minutes. For each experimental run, the 
drying of the pumpkin started with an initial moisture 
content of 76.4% (wet basis) and continued until a 
constant weight (to three decimal places) of each 
sample was observed. A total of thirty six (36) runs 
were conducted with four (4) levels of air temperature 
(50, 60, 70 and 80°C) and three (3) levels of slice 
thickness at a constant air velocity of 1.16 m/s. Each 
experimental run was completed in triplicate and the 
average values were taken. A 30 minute time interval 
was adopted for the collection of experimental data.
Moisture content determination
The oven dry method described by ASAE (2005) 
was used to determine the average initial moisture 
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content of the samples. The samples were initially 
weighed using an electronic balance having a 
sensitivity of 0.001 g and placed in an air oven for 
24 hr at 103°C ± 2°C. After 24 hours, the samples 
were taken out of the oven and weighed to determine 
the final individual weight. The average values of the 
initial mass and final mass were used to calculate the 
moisture content expressed on a wet basis as shown 
in Equation 1. The process was repeated three times 
and the average was calculated.
 
Moisture content (MC) =                      (% wet basis)  
      (1)  
Where Wi is the average initial weight of the sample 
and Wf, is the average final weight of the sample.
Kinetic modelling
The thin layer equations are important tools in 
mathematical or kinetic rate modelling (Erbay and 
Icier, 2010). Thin layer kinetic modelling follows 
the rate of change principle which can be determined 
by combining the rate of reaction with the material 
balance for the system (Brooker et al., 1974; 
Henríquez et al., 2014).
The boundary conditions used in this study were:
        
      (2)
         
      (3)
        
      (4)
        
      (5)
        
      (6)
For the pumpkin slab slices used, Equation 2 
(the first boundary condition) states that all sample 
slices have uniform initial moisture content. The 
mass transfer with regard to the centre of the sample 
slices is symmetric, (inflection point) (Equation 3), 
thus there is negligible shrinkage. The third condition 
states that when the diffusion path occurs on both 
sides of the slices, the samples instantaneously reach 
equilibrium with the surrounding air (Akpinar, 2006).
The experimental data obtained for the different 
conditions were modelled in the form of the moisture 
ratio (MR) versus time. 
MR=             (7) 
According to Aghbashlo et al. (2009) the value 
Table 1. Thin layer drying models
a, b, c, k, k1, k2, and n are model constants
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of Me is negligible as the relative humidity is not 
constant throughout the entire experiments, thus the 
moisture ratio was calculated according to the ANSI/
ASAE standard as:
MR =       (8)
         (9) 
Therefore, MR =                 (first order exponential 
model)                 (10)
where Mt is the moisture content at any time t, Mo 
is the initial moisture content of the sample, Me is 
the Equilibrium moisture content, k is the drying 
rate coefficient (reciprocal minutes), t is the time 
(minutes), z is the direction of sample thickness 
(mm), T is the Drying air temperature (°C), Ta is the 
Ambient temperature (°C), L is the half thickness of 
the slice (mm) and h is the slice thickness (mm).
The preliminary analysis of the drying data at 
50°C, 60°C, 70°C and 80°C for the slices of 3 mm 
thickness showed that the Page model was best 
suited for predicting the drying kinetics of pumpkin. 
However, an increase in the slice thickness to 5 
mm and subsequently 7 mm resulted in different 
fitting results, with the Two Term model as the most 
appropriate under these conditions.
 Thus, both models could not give a consistent best 
fit for all drying conditions. However, the Hii et al. 
(2009) model (Equation 11), which is a combination 
of the Page and Two-Term model was adopted to 
describe the drying behaviour under all conditions 
investigated. The model is more of a modification of 
the Two Term model with the assumption that n > 1 
for all drying conditions. 
MR                                                 )         (11) 
       Where    are model constants
Furthermore, the experimental data was regressed 
non-linearly using Scientific Data Analysis and 
Graphing Software (SIGMAPLOT 12.0) and fitted to 
all the selected models. 
Statistical design and data analysis
The data collected was analysed at the 95% 
confidence level using Scientific Data Analysis and 
Graphing Software (Sigma plot 12.0). The statistical 
design employed used a factorial 3 × 4 arrangement 
(thickness x temperature x time x Moisture Ratio), 
with 12 runs completed in triplicate which amounted 
to a total of 36 experimental units. The mean values of 
all levels were used for the mathematical modelling. 
The goodness of fit of the thin layer models to the 
experimental data was evaluated using the coefficient 
of determination (R2) and the sum of squares error 
(SSE) such that the higher the value of R2 and the 
lower the SSE value, the better was the goodness 
of fit (Yaldiz et al., 2001; Ertekin and Yaldiz, 2004; 
Rayaguru and Routray, 2012; Tahmasebi et al., 2014). 
R-squared (R2) is also known as the coefficient 
of determination, or the coefficient of multiple 
determination for multiple regression and measures 
how close the statistical data could fit the regression 
line. The higher the value of R-squared, the better the 
model fits the data (Draper and Smith, 1998). This is 
computed mathematically as:
R2=        (12)
SSE is also known as the sum of squares error, 
which measures the differences between each 
observation and the mean of the group. It can be 
used as a measure of variation within a cluster. 
Mathematically, it can be written as:
 SSE=         (13)
where MRpre,i is the ith predicted moisture ratio, 
MRexp,i is the ith experimental moisture ratio, Spre is 
the predicted sum of squares, Sexp is the experimental 
sum of squares and N is number of observations.
Furthermore, the relationship between the best 
model(s) constants and the drying conditions of 
temperature and slice thickness was determined by 
multiple regression analysis of the combinations 
of different simple linear, logarithmic and power 
equations (Menges and Ertekin, 2006; Meisami-asl 
et al., 2010).
     (14)
      (15) 
     (16)
     (17)
Where a1 and a2 are the model constants.
Results and Discussion 
In order to select a suitable model to predict 
the dying kinetics of pumpkin, the experimental 
moisture content data was used. The moisture content 
data for each drying process was estimated as a non-
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dimensional moisture ratio (Equation 8), due to the 
assumption of a uniform initial moisture content for 
all the samples (Equation 2) (Akpinar, 2006; Ronoh 
et al., 2009). The average initial moisture content 
of the pumpkin samples was found to be 76.4 (% 
wet basis). Twelve thin layer drying models were 
compared according to their statistical indicators of 
R2 and SSE as listed in Table 2. Furthermore, the best 
model describing the thin layer drying characteristic 
of pumpkin was chosen as the one with the highest R2 
value and the lowest SSE value.
From the results presented in Table 2, the 
Hii et al. (2009) and Page model gave the best fit 
at all temperature levels for a thickness of 3 mm, 
while the Hii et al. (2009) and the Two Term model 
showed the best fit at all temperature levels for a 
thickness of 5 mm and 7 mm based on R2 and SSE 
values. The R2 values of the Hii et al. (2009) model 
ranged from 0.9922 to 0.9996 and SSE values from 
0.0006 to 0.0182. Thus, the Hii et al. (2009) model 
satisfactorily represented the experimental values of 
the moisture ratio of Pumpkin (Cucurbita moschata). 
The individual constants of the three best models are 
presented in Table 3. 
The drying experiment at 70°C was an example 
which showed the highest values of R2 at all thickness 
levels. The results of fitting each of the drying models 
are shown in Figure 1 for thicknesses of 3, 5 and 7 mm 
respectively. As expected, the drying process took 
place during the falling rate period. The figure shows 
Table 2. The statistical comparison of selected models with the Hii et al. (2009) model for 
drying curve prediction
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that the moisture ratio of the samples decreased as 
the drying time increased. An increase in the sample 
thickness from 3 to 7 mm as shown in Figure 2a to 
2d resulted in an increase in the total drying time of 
about 60% at 50°C, 50% at 60°C and 30% at 70°C. 
As the drying temperature was raised to 80°C, there 
was not much difference in the total drying time at all 
thickness levels. More so, for example, for a 3 mm 
sample thickness, a safe moisture content under 2% 
was reached after 270 minutes when drying at 50°C 
and 150 minutes at a drying temperature of 80°C. 
Consequently, a decrease in the drying time of about 
44.4% was observed as the temperature increased 
from 50 to 80°C. Thus, an increase in the drying 
temperature resulted in a decrease in the drying time. 
The increase in the total drying time at the lower 
drying temperatures was as a result of the longer 
time required for moisture to travel from the internal 
Table 3. Drying kinetic constants of the best models under different drying conditions
a,b, c are drying model constants; k,k1,k2 are kinetic coefficient constants; n is the model number constant
Figure 1. Comparison of models for different thickness levels at 70°C
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portion to the surface pores for large thickness slices 
(7 mm). This compares to the 3 mm slice thickness 
which had a reduced distance of moisture travel, 
hence an increase in the drying rate. Similar results 
have been reported by various authors (Krokida et 
al., 2003; Arévalo-Pinedo and Murr, 2006; Doymaz, 
2007; Jittanit, 2011; Hashim et al., 2014). 
Further, the Hii et al. (2009) model gave the best 
fit and consistency for the experimental drying curve 
under all drying conditions. On the other hand, both 
the Page and the Two term models showed a good 
fit to the experimental drying curve under certain 
conditions.
It is appropriate to note that all the other models 
closely followed the above mentioned models, except 
for the Wang-Singh and the modified Midilli models. 
The behaviour of the Wang-Singh model further 
showed that the empirical model was not appropriate 
for predicting the drying behaviour of fruits and 
vegetables as reported previously by Demir et al. 
(2007). 
Furthermore, Figure 2a-c show the variations 
between the experimentally determined moisture 
ratio and the Hii et al. (2009) model predicted 
moisture ratio at different drying temperatures for 
thicknesses of 3, 5 and 7 mm respectively. According 
to the results, the Hii et al. (2009) model predicted 
drying curve was in conformity with the experimental 
drying curve under all drying conditions tested.
The effects of temperature and slice thickness 
on the model constants (Table 3) were also 
investigated by multiple regression analysis. All 
possible combinations were regressed (Equation 
14 to Equation 17). The multiple combinations of 
the parameters that gave the highest coefficient of 
determination (R2) were eventually included in the 
final model. Based on this, the relationship between 
the drying air temperature, slice thickness and the 
Hii et al. (2009) model constants are presented as 
follows:
      (18)
      (19)
      (20)
       
     (21)
      (22)
The multiple combinations of the model constants 
and the drying conditions of temperature and sample 
thickness were used to validate the Hii et al. (2009) 
model by comparing the experimental moisture ratio 
values with the predicted values, and these values 
fitted along a linear line (Figure 2d). Thus it can be 
concluded that the Hii et al. (2009) model is valid for 
the predicting the drying kinetics of pumpkin within 
Figure 2. Variations and validation of Hii et al. (2009) model under different drying 
conditions
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a drying temperature range of 50°C to 80°C and a 
thickness range of 3 to 7 mm at an air velocity of 
1.16 m/s. 
Conclusion
In order to determine a suitable model for 
predicting the drying kinetics of pumpkin, the 
drying rate was experimentally investigated using 
an automated laboratory scale convective hot air 
dryer at different temperature and material thickness 
levels. The results of fitting the experimental data to 
12 selected thin layer models showed that the  Hii 
et al. (2009) model resulted in an excellent fit for 
all drying temperatures of 50, 60, 70, and 80°C and 
sample thicknesses of 3, 5 and 7 mm. These results 
clearly show that the Hii et al. (2009) model was most 
suitable for predicting the drying curve of pumpkin. 
At all drying temperatures tested, the value of R2 was 
higher than 0.99 and the SSE value was less than 
0.0120. Also, the relationship between the drying 
conditions and the model constants can be predicted 
as a function of both polynomial and exponential 
equations. The Hii et al. (2009) model was further 
validated by comparing the predicted moisture 
ratio against the experimental moisture figures. The 
data points were identified to lie on a straight line, 
showing the suitability of the model in describing the 
drying kinetics of pumpkin at a temperature range 
of 50°C to 80°C and a sample thickness of 3 mm 
to 7 mm. Therefore, the Hii et al. (2009), Page and 
Two term models can be applied in describing the 
drying behaviour and predicting the drying kinetics 
of pumpkin (Cucurbita moschata).
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